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Edited by Hans EklundAbstract The sperm activating and attracting factor (SAAF)
from the eggs of the ascidian Ciona intestinalis was identiﬁed
as the sulfated polyhydroxysterol,3a,4b,7a,26-tetrahydroxy-5a-
cholestane-3,26-disulfate. We present a functional analysis of
SAAF derivatives that reveals the roles of the various SAAF
functional groups. Optical isomerism does not aﬀect SAAF
activities. Hydrolysis on one side, i.e. at the sulfate groups of
SAAF, decreases the sperm-activating and sperm-attracting
activities, while hydrolysis on both sides resulted in the loss of
both activities. Biotinylated-SAAF lost its sperm-activating abil-
ity, but retained sperm-binding and chemotactic abilities. Thus,
the sulfate groups of SAAF are responsible for these activities.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Chemotactic responses are important cell-to-cell communi-
cation systems. Chemotaxis of spermatozoa towards eggs dur-
ing fertilization is observed in most animals and lower plants
[1,2]. The chemical nature of sperm chemoattractants in plants
have been identiﬁed, e.g., the bimalate ion in bracken fern [3,4]
and unsaturated cyclic or linear hydrocarbons, such as ectocar-
pene, in brown algae [5]. In animals, sperm chemoattractants
have been identiﬁed only in 7 species (see review [6]). This vari-
ety observed in the type of sperm attractants indicates the
remarkable species speciﬁcity of ligand–receptor interaction.
The structure and chemical nature of the attractants may pro-
vide clues to their mechanisms of action.
We have previously shown that the chemoattractant from
the ascidian Ciona intestinalis, namely, the sperm activating
and attracting factor (SAAF) is a novel sulfated polyhydroxys-
terol,(25S)-3a,4b,7a,26-tetrahydroxy-5a-cholestane-3,26-disul-Abbreviations: ASW, artiﬁcial seawater; QCM, quartz crystal micro-
balance
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doi:10.1016/j.febslet.2008.09.006fate [7,8]. Some of its chemical characteristics are unique;
however, the hydroxylation patterns at the 3, 4, 7, and 26 posi-
tions of the cholestan skeleton have never been reported in any
other natural substance. In addition, positions 3 and 26 of the
sulfate esters are also unique among the sulfated polyhydrox-
ysterols. Furthermore, SAAF acts as a sperm activating and
attracting factor not only for C. intestinalis but also another
species Ciona savignyi in the same genus [7,9]. Synthetic SAAF
was also utilized to conﬁrm that a single compound exhibited
both sperm activation and attraction [8] though the relation-
ship between the structure and function of SAAF is still un-
clear.
In this study, to reveal the functional structure of SAAF
responsible for sperm activation and chemotaxis, we synthe-
sized SAAF derivatives and measured their activities in the
presence of sperm. These derivatives were designed on the ba-
sis of optical isomerism, hydrolysis at the sulfate groups, or
biotinylation in order to develop a molecular probe that can
be used in future for detection of the receptor and relevant sig-
nal transduction pathways.2. Materials and methods
2.1. Materials
The ascidians C. savignyi and C. intestinalis were collected from
Aburatsubo Bay (Kanagawa prefecture), Otsuchi Bay (Iwate prefec-
ture), and Onagawa Bay (Miyagi prefecture) in Japan and maintained
in circulating seawater aquaria under constant light in order that they
accumulate gametes without spontaneous spawning. Semen samples
were obtained by dissection. Semen was stored at 4 C until use.
2.2. Synthesis of SAAF and SAAF derivatives
SAAF (A) and its epimer (B) (Fig. 1) were synthesized as described
previously [8,10].
SAAF derivatives, namely, 26-desulfo-SAAF (C), 3-desulfo-SAAF
(D), and 3,26-didesulfo-SAAF (E) (Fig. 1), were prepared from the
synthetic intermediate (G) of SAAF as shown in Fig. 1, Scheme 1
[8,10]. For the synthesis of C, it is necessary to maintain the primary
alcohol G in the form of a benzyloxymethyl (BOM) ether, and there-
after, reductively remove the benzoyl (Bz) group with LiAlH4 to form
a secondary alcohol at C3 with a yield of 73% (2 steps). The secondary
alcohol was converted to sodium sulfate by treatment with sulfur triox-
ide-pyridine and an ion-exchange resin (Amberite IR-1s20B, Na+
form). Removal of the three BOM groups from the alcohols at the
C4, C7, and C26 positions by hydrogenolysis and concomitant hydro-
genation of the double bond resulted in the formation of 26-desulfo-
SAAF (C). For the synthesis of D, the primary alcohol of G was con-
verted to sodium sulfate. Saponiﬁcation of the benzoate was followed
by hydrogenolysis of the BOM ethers and hydrogenation of the doubleblished by Elsevier B.V. All rights reserved.
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Fig. 1. The structures and synthetic cascades of SAAF derivatives. A, SAAF (25S-SAAF); B, 25R-SAAF; C, 3-desulfo SAAF; D, 26-desulfo SAAF;
E, 3,26-didesulfo SAAF; F, biotinylated-SAAF. Scheme 1. Synthetic cascade of desulfated SAAF. The reagents and conditions are as follows. (a) (i)
BOMCl, i-Pr2NEt; (ii) LiAlH4, THF, 73% (2 steps); (iii) SO3Æpyridine, pyridine, 92%; (iv) Amberlite IR-120B (Na
+ form), MeOH; (v) H2, Pd/C,
MeOH, 22% (2 steps). (b) (i) SO3Æpyridine complex, pyridine, (ii) 2 M NaCl, AcOEt; (iii) 1 M NaOH, MeOH; (iv) H2, Pd/C, MeOH, 11% (4 steps). (c)
(i) LiAlH4, THF, 95%; (ii) H2, Pd/C, MeOH, 14%. Scheme 2. Synthetic cascade of biotinylated-SAAF. The reagents and conditions were as follows:
(a) I, dicyclohexylcarbodiimide, 4-dimethylaminopyridine, i-Pr2NEt, CH2Cl2 RT, 24 h, 84%; (b) Bu4NF, THF, RT, 3 d, 63%; (c) SO3Æpyridine
complex, pyridine, 60 C, 1 h; (d) Amberlite IR-120B, MeOH; (e) H2, Pd black, MeOH, RT, 48 h, 63% (for 3 steps); and (f) N, N-ethylmorpholine,
DMF, RT, 12 h, 70%.
3430 M. Yoshida et al. / FEBS Letters 582 (2008) 3429–3433bond to produce 3-desulfo-SAAF (D). Finally, 3,26-didesulfo-SAAF
(E) was prepared by successive reductive removal of benzoate, hydro-
genolysis, and hydrogenation.
Biotinylated-SAAF (F) (Fig. 1) was prepared as shown in Fig. 1,
Scheme 2. Condensation of alcohol H with carboxylic acid I provided
an 84% yield of ester J. The t-butyldimethylsilyl (TBS) groups (63%yield) were removed, followed by the introduction of the sulfate to pro-
duce L. Catalytic hydrogenation of the double bond and concomitant
removal of the BOM and benzyloxycarbonyl (Cbz) groups resulted in
the formation of amine M with a yield of 63% in 3 steps. The biotin
moiety was introduced by amide bond formation using the activated
ester N to form F (70% yield).
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Fig. 2. Sperm-activating activity (A) and sperm-attracting activity (B)
of SAAF and its epimer on 25C. There was no signiﬁcant diﬀerence in
both activities between these epimers. Closed and open circles indicate
25S-SAAF and 25R-SAAF, respectively. The values are expressed as
the means ± S.E. of the results of 3–7 experiments.
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Fig. 3. The eﬀects of hydrolysis at sulfate groups of SAAF on the
SAAF activities. Sperm-activating activity (A) and sperm-attracting
activity (B) of the SAAF derivatives were examined. Closed circle,
closed triangle, open triangle, and closed square indicate SAAF (25S-
SAAF), 3-desulfo SAAF, 26-desulfo SAAF, and 3,26-didesulfo SAAF,
respectively. The values are expressed as the means ± S.E, of the results
of 3–7 experiments.
M. Yoshida et al. / FEBS Letters 582 (2008) 3429–3433 34312.3. Analysis of activity for sperm activation and chemotaxis
Analysis of activity for sperm activation and chemotaxis was per-
formed as described previously [9]. Brieﬂy, to evaluate the sperm-acti-
vating activity of samples (artiﬁcial seawater (ASW); SAAF; or its
derivatives), semen was diluted from 103- to 104-fold in ASW
(462 mM NaCl, 9 mM KCl, 10 mM CaCl2, 48 mM MgCl2, 10 mM
HEPES, pH 8.2), and the samples were then added to the suspension
of the C. savignyi sperm. The samples were observed under a phase
contrast microscope (Olympus BX51) connected with a CCD camera
(CS8310; Tokyo Electronic Industry Co.), and pictures were taken at
room temperature (20–25 C). The motility of 50–100 spermatozoa
was assessed in each sperm suspension obtained from individuals. To
evaluate the chemotactic activity, each sample (ASW, SAAF, or its
derivatives) was mixed with the same volume of 2% agar, and the mix-
ture was enclosed in the tips of glass capillaries with diameters of
50–100 lm. The capillary was inserted into the theophylline-activated
C. savignyi sperm suspension on an observation chamber. Just after
insertion of the capillary, images of sperm around the capillary tip
were recorded with a personal computer every 20 ms using a high-
speed CCD camera (HAS-200, Ditect) and a video card (HAS-PCI,
Ditect). The position of each sperm was analyzed with the Bohboh
software (Bohboh soft, Japan), and the linear equation chemotaxis
index (LECI) was calculated as described previously [7]. Concentra-
tion of the methanol solvent was maintained below 0.5% v/v in all
experiments.
2.4. Quartz crystal microbalance
The quartz crystal microbalance (QCM) is a sensitive mass-measur-
ing device whose resonance frequency decreases linearly with nano-
gram increases in the mass on the QCM electrode [11]. In this study,
the device was used to detect the molecules that bind to SAAF. The
sperm-membrane extract was prepared as follows: the sperm of C.
intestinalis was diluted in 10 times its volume of ASW, and incubated
with N2 gas in a barotolerant chamber at 800 psi for 15 min at 25 C.
After the centrifugation to eliminate debris, the supernatant was ultra-
centrifuged to sediment the membrane fraction. The membrane frac-
tion was suspended with phosphate buﬀered saline (PBS) containing
0.1% Triton X-100. Streptavidin was immobilized by hydrophobic
interactions on a gold electrode surface of 27 MHz QCM. After air
drying, biotinylated-SAAF or biotin, as the control, was added to
the gold electrode surface and air dried again. To prevent non-speciﬁc
interactions, the electrode was incubated with PBS containing 25%
BlockAce for 1 h at room temperature. The frequency produced by
the electrode immobilized with streptavidin–biotinylated-SAAF was
detected with a frequency counter equipped and recorded on a com-
puter (Aﬃnix Q System, Initium Inc., Tokyo, Japan) in the mixing
chamber containing ASW at 25 C. After the frequency was stabilized,
an aliquot of the sperm-membrane extract was added to the chamber,
and the change in frequency was recorded.3. Results and discussion
The structure of the 25S epimer represents the native struc-
ture of SAAF [8,10]. We prepared the 25R and 25S optical iso-
mers of this compound as pure epimers (Fig. 1A and B), and
the SAAF activities of these compounds were measured. There
was no diﬀerence in the activation of sperm motility and the
chemotaxis index between these epimers (Fig. 2). Both 25C
epimers showed prominent sperm-activating activity at
 10 nM and sperm-attracting activity at  37 nM towards
the C. savignyi sperm. At  100 nM SAAF, too many sperm
accumulated in the vicinity of the capillary tip such that the
LECI value was distorted. Similar results were obtained with
the C. intestinalis sperm (data not shown). Thus, the optical
isomerism of the 25 C epimer does not have an aﬀect on the
SAAF activities.
The hydrolysis of the 3- or 26-sulfate groups of SAAF dras-
tically decreased the SAAF activity. The sperm-activation
activity of 3-desulfo-SAAF (Fig. 1C) and 26-desulfo-SAAF(Fig. 1D) is almost 1/1000 that of the normal SAAF
(Fig. 3A). The sperm-attracting activity of the hydroxyl forms
also decreased to 1/100 (Fig. 3B). The 3,26-didesulfo-SAAF
(Fig. 1E) completely lost both motility-activation and chemo-
tactic abilities (Fig. 3). These three desulfated SAAFs did not
show competitive inhibition on activation by SAAF at least a
10-fold molar excess of SAAF, and higher concentration of the
SAAF derivatives sometimes showed irreversible inhibition on
sperm activation (data not shown), probably because the
derivatives are highly hydrophobic and may aﬀect on the per-
meability and/or ﬂuidity of the membrane. Thus, sulfate
groups at the C3 and C26 positions of SAAF seem to partici-
pate in the binding of SAAF to the putative SAAF receptor.
We prepared the biotinylated-SAAF at the 4-hydroxy group
to label the binding site of SAAF (Fig. 1F). The biotinylated-
SAAF lacked sperm-activating activity (Fig. 4A), and exhib-
ited reduced sperm-attracting activity compared to SAAF
(Fig. 4B). However, biotinylated-SAAF competitively inhib-
ited the sperm activation by SAAF at least a 100-fold molar
excess of SAAF (Fig. 4C). These results suggest that biotinyl-
ated-SAAF can bind to the putative SAAF receptor, and the
hydroxyl group on C4 is important for SAAF activity. Next,
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Fig. 5. Typical QCM proﬁle illustrating the interaction between the
sperm-membrane extract and biotinylated-SAAF (A) or control biotin
(B). DF indicates the frequency of the quartz crystal. A decrease in
frequency indicates an increase mass (Dm) in the binding to the sensor.
Arrows indicate the addition of the sperm-membrane extract in
increments of 20 ll (1 U) (A and B). The equations are represented by
a solid line in the plot of the unit of sperm-membrane extract versus the
ratio of unit of sperm-membrane extract to the change in Dm (C) for
biotinylated-SAAF (closed circle) or control biotin (open circle), and
were used to estimate the aﬃnity between SAAF and the sperm-
membrane extract. The relative Kd values are calculated as 4.4 U
(Dmmax = 47.4 ng) for biotinylated-SAAF and 11.3 U (Dmmax =
50.5 ng) for biotin, respectively.
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Fig. 4. The eﬀects of biotinylation of SAAF on the SAAF activities. Sperm-activating activity (A) and sperm-attracting activity (B) of the molecules
were examined. Closed and open circles indicate SAAF and biotinylated-SAAF, respectively. (C) Inhibitory eﬀect of biotinylated-SAAF on SAAF
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SAAF receptor on the sperm membrane by QCM analysis.
The frequency decreased (mass increased) as a result of the
binding of the sperm-membrane extract onto the QCM elec-
trode. After the frequency had reached a steady state, an ali-
quot of the sperm-membrane extract was added to the QCM
again (Fig. 5). The control, i.e., immobilized biotin on the elec-
trode exhibited nonspeciﬁc binding to the sperm-membrane
extract. (Fig. 5B). The data are representative of a minimum
of three experiments. The binding kinetics of the sperm-mem-
brane extract to the biotinylated-SAAF or to biotin is repre-
sented as a plot of the amount of sperm-membrane extract
added versus the ratio of the sperm-membrane extract to the
change in the amount of binding (Fig. 5C). The aﬃnity of
the sperm-membrane extract towards the biotinylated-SAAF
was 2.6 times stronger than that towards biotin. The addition
of a 10-fold molar excess of SAAF to the chamber did not re-
sult in a change in the frequency (data not shown). Consider-
ing that the competitive inhibition of SAAF activity requires
high concentration of biotinylated-SAAF (Fig. 4C), there is
disagreement about the aﬃnity of biotinylated-SAAF. We
have to examine more precise analysis of interaction between
SAAF and its receptor, however, it is possible explanation that
there are too many SAAF receptors located on the sperm
membrane for competitive inhibition of the SAAF activity
although biotinylated-SAAF has high aﬃnity compared to
SAAF.
SAAF induces both activation of motility and chemotaxis.
The results ofFigs. 3 and 4 show discrete concentration depen-
dencies of SAAF derivatives; for example, 1 mM biotinylated-
SAAF induced chemotaxis but not motility activation. Thus,
we speculate a putative SAAF receptor for sperm chemotaxis
and that for sperm activation are diﬀerent.
This study indicates that the sulfate groups at the C3 and
C26 positions of SAAF are important to the SAAF activities,
and this eﬀect seems to be derived from binding. The hydroxyl
group at C4 is responsible for the sperm-activating activity of
SAAF. The moiety responsible for the sperm-attracting activ-
ity is not yet known though the hydroxyl group at position C4
seems to be partly involved in this activity. Furthermore, bio-
tinylated-SAAF retained the ability to bind to the putative
SAAF receptor, even though it has lost its sperm-activating
and sperm-attracting abilities. Since SAAF is an inert mole-
cule, biotinylated-SAAF would be a useful tool for investigat-
ing the molecular functions of SAAF during sperm activationand chemotaxis, especially during the screening of SAAF
receptors on the sperm membrane.
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